Abstract-Bioaccumulation of hydrophobic organic chemicals from sediments containing soot or sootlike materials has been hypothesized to be limited by strong sorption of the chemicals to the soot matrixes. To test this hypothesis, we quantified bioaccumulation of 11 polychlorinated biphenyls (PCBs) into the aquatic oligochaete Limnodrilus sp. exposed to spiked sediment with and without the sootlike materials coal and charcoal. In addition, sorption experiments with sediment containing varying amounts of coal or charcoal were performed to elucidate the accumulation mechanism. Results showed that coal and charcoal (at realistic levels of 1.5% on a dry-wt basis) reduced PCB accumulation in worms 1.2 to 8.5 times when expressed on a mass basis. Moreover, whereas bioaccumulation from pure sediment increased with molecular planarity of the PCBs (toxic potency), it decreased in case of sediments containing coal and charcoal. In contrast to this advantageous effect, it was hypothesized that coal and charcoal had an adverse influence on the habitat quality of oligochaetes: Organisms inhabiting sediment containing coal or charcoal had significantly reduced lipid contents as compared to organisms from pure sediment. Because of these reduced lipid contents, lipid-normalized PCB concentrations in worms and biota-to-sediment accumulation factors (BSAFs) for most PCBs were higher in sediments containing the sootlike materials as compared to those for reference sediment. Also, measured BSAFs for coal-and charcoalcontaining sediments appeared to be much higher than estimated on the basis of equilibrium partitioning theory. Sorption experiments revealed that this was caused by much weaker sorption to the sediment-coal/charcoal mixture than calculated assuming linear additivity of sorption capacities of the distinct phases. It was hypothesized that this weaker sorption resulted from competition between PCBs and dissolved organic carbon molecules for sorption sites on coal/charcoal. This points to a sorption process that is much more complicated than generally assumed.
INTRODUCTION
Currently, the presence of soot and sootlike materials (e.g., coal and charcoal) in sediments is receiving a lot of attention. Because of forest fires and the increased industrialization during the past decades, these materials have become ubiquitous in the aquatic environment [1, 2] . Here, they are believed to be responsible, at least in some cases, for enhanced sorption phenomena for polycyclic aromatic hydrocarbons (PAHs) and other planar contaminants [3, 4] , nonlinear sorption isotherms of organic contaminants [5, 6] , very slowly desorbing contaminant fractions [5, 7] , and reduced bioavailability of certain organic contaminants and thus reduced biodegradation and bioaccumulation and toxicity in aquatic organisms [8] [9] [10] .
Recent studies have shown that sorption of both native and allochthonous organic contaminants to pure sootlike materials indeed can be extremely strong [11] [12] [13] . Moreover, certain fractions of native PAHs were concluded to be physically entrapped within the sorbent matrix and, as a consequence, to be unavailable for equilibrium distribution to the aqueous phase [13, 14] . These fractions of native contaminants can be assumed unavailable for uptake by aquatic organisms. Extraction of the occluded chemicals from ingested soot particles * To whom correspondence may be addressed (c.jonker@iras.uu.nl). The current address of M. Jonker is Institute for Risk Assessment Sciences, Utrecht University, P.O. Box 80176, 3508 TD Utrecht, The Netherlands.
Presented in part at the 23rd Annual Meeting, Society of Environmental Toxicology and Chemistry, Salt Lake City, Utah, USA November 16-20, 2002. in the gastrointestinal tract by gut fluids is unlikely since several strong organic solvents failed to do so [14] . This hypothesis is supported by studies showing (native) PAHs from coal and sedimentary coal-derived particles to be unavailable for uptake by oysters [15] and earthworms or microorganisms [10] , respectively. However, for allochthonous chemicals such as polychlorinated biphenyls (PCBs), petrogenic PAHs, and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/ Fs), bioaccumulation will be controlled by other processes. For these compounds, sorption to and thus bioaccumulation from sediments containing sootlike materials possibly depends on the overall concentration of contaminants and organic carbon in the sediment (competitive sorption effects) [3, 13] . For PCBs, bioaccumulation might also depend on the molecular configuration (molecular planarity) of the congener of interest. After all, PCB congeners with no chlorine atoms at ortho positions (coplanar congeners) have been shown to bioaccumulate from water and sediment to a greater extent because of the absence of steric hindrance when passing lipid bilayers [16, 17] . On the other hand, soot is able to preferentially sorb coplanar PCBs [13] , which theoretically could lead to reduced bioaccumulation of these congeners from sediments containing soot. In fact, this may explain the reduced accumulation or the absence of preferential accumulation of coplanar PCBs in aquatic organisms from the field, which has been observed by some researchers [18, 19] .
Although indications are strong that bioaccumulation of PCBs and PCDD/Fs can significantly be influenced by the presence of sedimentary sootlike materials [20, 21] , effects have not systematically been investigated yet. Therefore, in the present study, the influence of such sorbents on bioaccumulation of several PCBs, varying in molecular planarity, was investigated for sediment-dwelling oligochaete worms (Tubificidae). Coal and charcoal were selected as sootlike materials because these two sorbents are able to adsorb PCBs very strongly [13] . Furthermore, they show considerable internal differences with respect to planarity effects [13] , and they probably represent two of the most common types of sootlike sorbents in sediments. Both types of material have been detected in this compartment (e.g., [1, 14, 22 , and references therein]), which they can reach through atmospheric deposition or surface runoff of forest fire residues (charcoal) or as a result of spills during mining activities, transshipment, or transport over water (coal).
MATERIAL AND METHODS

Chemicals
Polychlorinated biphenyls 18, 28, 52, 77, 101, 118, 126, 138, 156, and 169 (numbering according to the International Union of Pure and Applied Chemistry) were supplied by Promochem (Wesel, Germany), and PCB-72 was obtained from Ultra Scientific (North Kingstown, RI, USA). All congeners had a purity of Ն98%. Other chemicals used were hexane and acetone (picograde; Promochem); methanol (high-performance liquid chromatography [HPLC] gradient grade; Mallinckrodt Baker, Deventer, The Netherlands); isooctane (for pesticide analysis; Acros, Geel, Belgium); water (Nanopure; Barnstead, Dubuque, IA, USA); calcium chloride, calcium carbonate, magnesium sulfate, sodium bicarbonate, and potassium bicarbonate (analytical grade; Merck, Darmstadt, Germany); sodium azide and acetanilide (Ն99%; Sigma-Aldrich, Steinheim, Germany); copper powder (Ͼ230 mesh; Merck); aluminum oxide (Super I; ICN Biomedicals, Eschwege, Germany); and silica gel 60 (70-230 mesh; Merck). Prior to use, copper powder was Soxhlet-extracted with hexane/acetone (3:1) for 8 h, silica gel was activated at 180ЊC during 16 h, and aluminum oxide was deactivated with 10% (wt/wt) of Nanopure water. Other chemicals were used as received.
Organisms
Oligochaetes (Tubificidae, predominantly Limnodrilus sp.) were obtained from a local pet shop. The organisms were acclimated in the laboratory during 1.5 d in an aquarium with flowing tap water, which also served to purge their guts. Fat content of the oligochaetes was determined gravimetrically (see the Chemical Analyses section) to be 11.93 Ϯ 0.16% (n ϭ 3) on a dry-weight basis. Polychlorinated biphenyl analyses showed that several congeners were present in the organisms; however, lipid-normalized concentrations were always much less than 20% of the final concentrations after the bioaccumulation experiments. Therefore, this initial contamination did not have any effects on the final results.
Sorbents and spiking procedures
Sediment was sampled from a small, relatively uncontaminated floodplain lake along the river Waal near Gendt, The Netherlands, using a boat and a box corer. Samples were passed through a 1,000-m sieve and stored at 5ЊC until use. Total organic carbon content was determined (see the Chemical Analyses section) to be 2.68 Ϯ 0.02% (n ϭ 4). Prior tests showed that this sediment was not lethal to the test organisms (did not have effects on survival after a four-week exposure).
Pulverized charcoal was supplied by Boom BV (Meppel, The Netherlands), and anthracite coal was donated by a coal-fired power station (Borssele, The Netherlands). Both sootlike materials were treated (washed, dried, and passed through a 50-m sieve) as described previously (for more details, see Jonker et al. [13] ).
The sediment (water content of 65% [wt/wt]) was intensively mechanically homogenized and divided into three portions (each 5 kg of dry wt), which were transferred to 20-L stainless-steel pressure tanks. One was left unaffected; to the other ones, either coal or charcoal was added while mixing mechanically, creating sediments containing 1.48% of coal or charcoal on a dry-weight basis. This percentage falls within the range of soot and charcoal contents measured in sediments [2, 23] and therefore represents a field realistic value. The three systems were then homogenized for one week on a roller couch. Following this period, each tank was spiked with a cocktail solution containing 11 PCBs (each congener at 250 mg/L) in acetone to obtain a contamination level of approximately 90 g/kg per congener. To this end, the content of each tank was divided among five 5-L all-glass beakers. While intensively mechanically stirring, the spike solution (360 l) was added drop by drop to each beaker, followed by an additional stirring period of 20 min. The contents of the five beakers were pooled together and transferred back to the pressure tanks, which were then homogenized on the roller couch for another 4 d.
Bioaccumulation experiments
Bioaccumulation experiments were performed in 3-L allglass aquaria (15 ϫ 15 ϫ 15 cm). Each treatment (type of sediment) was replicated five times; hence, 15 aquaria were used. The aquaria were filled with 0.35 kg of sediment (dry wt) and 1 L of Dutch standard water (DSW; containing 1.4 mM of calcium chloride, 0.73 mM of magnesium sulfate, 1.2 mM of sodium bicarbonate, and 0.2 mM of potassium bicarbonate in demineralized water). After a sedimentation period of 4 d, the resulting suspensions had settled to produce sediment beds of 4 cm. Then, approximately 1,700 oligochaetes were added to each aquarium (addition on a mass basis), which resulted in population levels of 10 4 to 10 5 individuals/m 2 . This number has been reported to produce a uniformly distributed, stable population that can be maintained without the addition of nutrients [24] . During the exposure period, the aquaria were carefully aerated with Tenax (Baltimore, MD, USA) purified air such that neither oxygen depletion nor resuspension occurred. Evaporation of the aqueous phase was daily compensated by the addition of Nanopure water (Barnstead). After 28 d at 17ЊC, the experiments were terminated by manually picking the oligochaetes out of the sediments. Organisms were then left in DSW for 24 h to allow gut clearance. Sediments were homogenized, and subsamples were taken for PCB and total organic carbon analyses.
Sorption experiments
The bioaccumulation experiments yielded some unexpected results (see the Results and Discussion section). To explain these results, additional sorption experiments were performed in which sediment-water distribution coefficients (K d s) for all PCBs were determined for the sediments used in the bioaccumulation experiments. In addition, K d values were measured for sediments with both lower and higher coal/charcoal contents in order to gain additional information on some mech- anistic aspects of sorption to sediment-coal/charcoal mixtures. To this end, different amounts of coal or charcoal were added to 1.0 g of sediment, producing sediments containing 0, 0.5, 1.0, 1.48, 3, 6, 12, and 30% (wt/wt) of coal or charcoal. This setup also allowed for investigating varying dissolved organic carbon (DOC)-coal/charcoal ratios since the concentration of DOC was constant in all sorption experiments (same amount of 1.0 g of sediment in all cases produced 5.2 mg/L of DOC as measured on an Operations Improvement Company [College Station, TX] model 700 total organic carbon [TOC] analyzer). Sorption to the sorbent mixtures was quantified by using the polyoxymethylene solid-phase extraction (POM-SPE) method, which has been described in detail elsewhere [12, 13] . To mimic conditions used during the bioaccumulation experiments, all suspensions were first equilibrated (shaken) during one week before spiking them with PCBs and adding polyoxymethylene strips. The resulting systems were then equilibrated during another four weeks [12, 13] .
Chemical analyses
Prior to the analyses, sediments and oligochaetes were freeze-dried. Subsamples (1 g of sediments and 0.2-0.4 g of worms) were Soxhlet-extracted during 16 h using 80 ml of hexane/acetone (3:1) mixture. Polyoxymethylene strips from POM-SPE experiments were Soxhlet-extracted for 3 h with 70 ml of methanol. All extracts were cleaned up over Al 2 O 3 /silica gel columns, desulfurized with copper powder, and analyzed for PCBs using gas chromatography with electron capture detection (GC-ECD) according to the methods described in Jonker and Koelmans [12] . Fat contents of oligochaetes (before and after the experiment) were determined gravimetrically by Soxhlet extraction of 15 to 100 mg of sample with hexane/ acetone (3:1) mixture during 5 h, evaporating the extracts to dryness, and weighing the residues on a microbalance. Total organic carbon contents of all sediments were determined using an EA 1110 CHN elemental analyzer (CE Instruments, Milan, Italy). Prior to the measurements, inorganic carbon was removed by acidification with HCl (for more details, see Jonker et al. [13] ).
Statistical analyses
Differences in PCB concentrations and lipid contents in organisms, as well as values derived from these data (biotato-sediment accumulation factors; see the following discussion) between reference sediment and sediments enriched with coal or charcoal were tested for significance by using two-tail, two-sample t tests assuming unequal variances. Level of significance was set to 0.05. All data followed normal distributions as indicated by Kolmogorov-Smirnov tests.
RESULTS AND DISCUSSION
Effects of coal and charcoal on bioaccumulation
In Figure 1a , averaged final concentrations (n ϭ 5) with standard deviations (SDs) of separate PCB congeners in oligochaete worms (C b ; g/kg dry wt) are plotted as bars for each of the three treatments (28 d of exposure to pure sediment, sediment with coal, or sediment with charcoal). This figure shows that both sootlike materials are able to reduce PCB accumulation in the organisms, with charcoal being the most effective one. Statistically significant reductions compared to sediments without sootlike material are observed for almost all PCBs. Exceptions are PCB-138 in sediment with charcoal and PCBs 52, 101, and 138 in sediment with coal. Part of the reductions will simply be caused by the addition of extra organic carbon to the sediments. Additional carbon supplies additional sorption capacity and thus causes reduced bioaccumulation. Therefore, reduced bioaccumulation would also have been observed if sediments containing just a larger natural total organic carbon fraction ( f TOC ) were tested against the reference sediment. To investigate whether the reductions observed in Figure 1a can fully be explained by this phenomenon or if they partly result from specific sorption interactions with the coal and charcoal matrixes, bioaccumulation needs to be adjusted for the total organic carbon contents of the sediments. The most common way to do this is by calculating biota-tosediment accumulation factors (BSAF) [25] . These factors are given by the ratio of lipid-normalized concentrations in biota to total organic carbon-normalized concentrations in sediment (i.e., BSAF ϭ [C b /f lipid ]/[C s /f TOC ]). Therefore, they also account for differences in lipid contents ( f lipid ) between organisms and for differences in PCB concentrations between sediments (C s ). It should be noted, though, that this way of normalization for sediments containing hard carbon materials such as the currently used coal and charcoal principally is not correct. After all, when normalizing to total organic carbon, it is assumed that this sorbent fraction is controlling sorption and that it is entirely available for organic contaminants to partition into. Previous research has demonstrated that sorption of organic contaminants to sootlike materials is not controlled by the sorbent's total organic carbon fraction [13] . Moreover, most of the carbon detected by total organic carbon detection methods (elemental analysis and 550ЊC combustion method) is located inside the sootlike particles and most likely is not accessible for allochthonous contaminants, which do not absorb into the sorbent but adsorb in pores or to the outer surfaces [11, 13] . Therefore, BSAF values for allochthonous chemicals in sediments containing sootlike materials might actually be overestimated. However, because the fractions of total organic carbon of coal and charcoal that are involved in sorption of PCBs are unknown, normalizing to the entire total organic carbon fractions still is the only possibility to roughly compare BSAF values with the ones for reference sediment. Hence, in Figure 1b , averaged BSAF values (n ϭ 5) with SDs for all PCBs in sediments with and without coal or charcoal are plotted. It should be noted that the SDs represent the spreading caused by averaging the five replicates and not the analytical error. The overall value for this error can be calculated from the errors of the PCB, total organic carbon, and lipid analyses using the error propagation equation of Gauss and measures 7%.
For the sediment without sootlike material, averaged BSAF values are well within the range of approximately 1 to 8 reported by other researchers for PCB accumulation in Tubificidae [26] [27] [28] [29] . In addition, the averaged BSAF for all PCBs (1.69) is consistent with the theoretical value, which measures 1 to 2 and which is based on the assumption that affinities of hydrophobic organic chemicals for sedimentary natural organic carbon and biota lipids are similar [25] . For sediments enriched with coal or charcoal, BSAF values for PCBs 28 and 77 are significantly reduced compared to values in pure sediments. This also applies to BSAF values for PCBs 18 and 126 in sediment with charcoal. In these cases, the sootlike matrixes are able to strongly adsorb the PCBs of concern in a specific way, making them less available for uptake by oligochaetes. This enhanced, specific sorption probably takes place in molecular-sized pores [13] . Therefore, it is observed only for small or planar congeners, and it is not accounted for by normalizing to total organic carbon content, which adjusts only for nonspecific hydrophobic interactions. In all other cases (PCBs 18, 52, 72, 101, 118, 126, 138, 156, and 169 in coalcontaining sediment and PCBs 52, 72, 101, 118, 138, 156, and 169 in sediment-containing charcoal); however, BSAF values are significantly larger than those for pure sediment (except the value for PCB 72 in charcoal-containing sediment, which is not significantly different from the reference value). In other words, for the majority of PCBs, biota-to-sediment accumulation appears to be enhanced by the presence of coal or charcoal. Note that for all PCBs, however, bars in Figure 1b for coal-and charcoal-enriched sediment have shifted upward compared to the ones for pure sediment (all bars for coal-or charcoal-containing sediment in Figure 1a are lower than bars for reference sediment, whereas the majority of bars for the two enriched sediments in Figure 1b are higher than bars for reference sediment [or at least less lower than in Fig. 1a] ). These shifts are caused by the normalization to f lipid and/or f TOC . After all, unnormalized BSAF values (C b /C s ) will show the same pattern as in Figure 1a since C s is approximately constant for all sediments. Which of the two fractions ( f lipid and f TOC ) determines which part of the shifts can simply be calculated by successively normalizing to the two separate fractions. It appears that in all cases approximately 50% of the magnitude of the shifts is caused by the normalization to f TOC . As mentioned previously, an unknown but probably large part of this percentage is apparent because of the normalization to nonsorbing carbon. The other 50% of the magnitude of the shifts logically is caused by the normalization to f lipid . Surprisingly, final lipid contents of organisms in both enriched sediments ( f lipid [coal] ϭ 6.37 Ϯ 0.98%; f lipid [charcoal] ϭ 5.51 Ϯ 0.33%) were significantly lower than that of organisms in reference sediment ( f lipid ϭ 8.89 Ϯ 0.66%), which resulted in increased BSAF values. Therefore, lipid-normalized PCB concentrations of some PCBs in worms from enriched sediments are also higher than in reference sediment. This in fact suggests that toxicity for oligochaetes might be increased on the addition of coal and charcoal. It should be noted, however, that lipidnormalized concentrations of the most toxic, planar PCB congeners (77 and 126) in worms from enriched sediments are still lower than in organisms from reference sediment (see also next paragraph). An interesting question is why the lipid content of organisms is lowered in sediments containing coal or charcoal. Although this question cannot be answered on the basis of the present results, in our opinion two possible, hypothetical explanations exist for this observation. First, coal and charcoal might be toxic to oligochaete worms. Second, food for the oligochaetes (DOC molecules, bacteria, and algae) may be less available in the enriched sediments as a result of sorption to coal and charcoal particles. Sorption of DOC molecules to these particles probably is very strong because of the ability to bind at multiple sites [30] . In this respect, it should be noted that West et al. [31] reported DOC concentrations in pore water from Ambersorb (an artificial high sorption-capacity carbonaceous resin)-amended sediments to be strongly reduced as compared to DOC concentrations in pore water from sediments without the resin. Regardless of the true cause, the observation of reduced lipid contents might have an important ecological implication, for example, an adverse influence of the presence of sootlike materials on the habitat quality of sediment dwelling (detrivorous) organisms, affecting such as growth and colonization.
For mussels, it has been observed that elimination of bioaccumulated PCBs does not keep up with reduction of lipid contents, causing highly increased lipid-normalized contaminant concentrations [32] . Considering the previously mentioned lipid reduction as a result of toxicity or food shortage, a similar nonequilibrium condition may have also occurred in our experimental systems with coal and charcoal. Note that such a condition might explain part (up to 50%) of the magnitude of the BSAF shifts for the organisms from coal-and charcoal-containing sediments. If lipid contents are set equal for all organisms (at 8.89%, the averaged value for organisms from pure sediment) and it is assumed that no PCBs are eliminated during lipid loss, it can be calculated that for charcoalcontaining sediment, BSAFs would also significantly have been reduced compared to values for reference sediment, in the case of PCBs 52, 72, and 118, next to PCB 18, 28, 77, and 126. ment (same profile as in Fig. 1a) , the remaining shifts to these larger or similar BSAFs are entirely caused by the normalization to total organic carbon (see the previous discussion). This again points to the previously mentioned drawback of total organic carbon normalization for hard carbon-containing sediments.
Bioaccumulation dependence on congener planarity
To investigate whether bioaccumulation of PCBs from sediments depends on the molecular configuration of the chemicals and whether this process is affected by the presence of sootlike materials, test PCBs were chosen such that each homologue group is represented by a nonplanar (di-ortho substituted), a medium planar (mono-ortho substituted), and a fully planar (non-ortho substituted) congener. An exception is the trichlorobiphenyl group, for which a fully planar congener is missing. Di-ortho PCBs are numbers 18, 52, 101, and 138; mono-ortho PCBs are numbers 28, 72, 118, and 156; and nonortho PCBs are numbers 77, 126, and 169. In Figure 2 , BSAF values from Figure 1b are rearranged and presented per type of sediment in separate subgraphs (a, b, and c). Within a subgraph, BSAFs of PCBs with the same number of chlorine atoms (PCBs with similar hydrophobicity) are pooled together, and the two (trichlorobiphenyls) or three (tetra-hexachlorobiphenyls) bars within each cluster are presented in increasing order of planarity (from left to right). From this figure, it appears that bioaccumulation from sediment without sootlike material (Fig. 2a) is a function of both planarity and hydrophobicity. The observed patterns are consistent with those reported in the literature [16, 18] . The BSAF values increase with increasing degree of chlorination, but for the very hydrophobic hexachlorobiphenyls with octanol-water partition coefficients (K OW s) of approximately Ն10 7.0 , values tend to level off or even decrease [16, [26] [27] [28] 33] . For systems with relatively short contact times between PCBs and sediment like the presently used 8 d, equilibrium conditions for the oligochaetes may be assumed after the four-week exposure period [29] . Therefore, this leveling off or decrease probably is due to the larger molecular volume of these congeners because of which it is difficult for molecules to penetrate lipid bilayers of cell membranes [16, 26, 33] . Similarly, steric effects are also the reason for the observed preferential bioaccumulation of planar congeners from pure sediment. Planar molecules can pass or partition into biomembranes more easily because of the absence of steric hindrance. As a result, BSAFs increase with increasing degree of planarity. However, for the higher chlorinated PCBs, these planarity effects are overruled by the previously mentioned size effects.
In contrast, for sediments containing coal and charcoal ( Fig.  2b and c, respectively) , BSAF values clearly decrease with increasing degree of PCB planarity. This reduced bioaccumulation with increased molecular planarity must be due to the presence of coal and charcoal because this presence is the only difference relative to the reference systems. Moreover, sorption of PCBs to coal was shown to increase with molecular planarity of the chemicals [13] . Increased sorption implies reduced aqueous concentrations and, consequently, reduced bioavailability. Interestingly, the present experiment shows that coal and charcoal are capable of fully reversing bioaccumulative planarity effects, causing reduced instead of increased bioaccumulation of planar contaminants. This effect will probably also apply to particular types of soot and other sootlike materials. Because planar PCBs are the most toxic ones (their affinity for the Ah receptor is relatively high as compared to that of nonplanar PCBs, and they therefore show dioxin-like toxicity [34] ), this is a highly relevant observation. The toxic potency of complex PCB mixtures in sediments and soils might be less than calculated on the basis of equilibrium partitioning between natural organic mater and water because of the ubiquitous presence of sootlike sorbents.
Finally, it is interesting to note that the planarity effects observed for sediment containing charcoal are larger than those observed for sediment enriched with coal (with the exception of the effects for trichlorobiphenyls). This is against expectations because in a previous study, planarity effects were not observed for PCB sorption to pure charcoal, whereas for pure coal, effects were rather large [13] . The explanation for this discrepancy possibly has to do with sorption of DOC molecules to coal and charcoal and will be discussed further in the next paragraph. The difference between expected and presently observed planarity effects may imply that, on the basis of sorption studies with pure sootlike sorbents, planarity effects in the field cannot be predicted and that observed planarity effects in the field cannot be used to speculate on the material causing the effects.
Experimental observations versus model predictions: Competitive sorption effects
Prior to the bioaccumulation experiments, system characteristics (coal and charcoal content, PCB concentration, mass of sediment and worms) were designed using mass balances assuming equilibrium distribution of PCBs between biota, water, sediment, and coal or charcoal. Input parameters were sediment-water distribution coefficients (K d ϭ f TOC ·K OC , with total organic carbon-normalized sediment-water distribution coefficient (K OC ) values estimated from logK OC ϭ logK OW Ϫ 0.21 [35] ); coal and charcoal-water distribution coefficients (K S ) from Jonker and Koelmans [13] ; and bioconcentration factors (estimated as BCF ϭ f lipid ·K OW ). Calculations showed that BSAF values should be reduced by a factor of 1.6 to 16 on coal addition and by a factor of 4.4 to 105 on charcoal addition, using the current experimental setup. After exposure, concentrations of several PCBs in worms inhabiting charcoalcontaining sediment should therefore be less than 10 g/kg (concentrations in extracts just above detection limits). The results presented in Figure 1 , however, show maximum reductions in BSAF values of only 2.6 times for coal and 3.7 times for charcoal, and concentrations in oligochaetes always exceed 50 g/kg. Whereas equilibrium partitioning very reasonably predicts bioaccumulation from pure sediment (estimated BSAF of 1.58 vs averaged experimentally measured BSAF of 1.69), it apparently completely fails to predict bioaccumulation from coal-and charcoal-containing sediments. The reduction of lipid contents of oligochaetes inhabiting coaland charcoal-containing sediments can account for part of the difference between calculated and measured BSAF values (see the previous discussion). However, hypothetically equating lipid contents of all organisms still results in higher measured BSAF values as compared to calculated ones: up to 7.4 times for coal and 28 times for charcoal-containing sediment. Because the calculated BSAF values include normalization to the entire total organic carbon fraction (including the nonparticipating fraction; see the previous discussion), an additional mechanism obviously exists causing increased bioaccumulation. Possible explanatory mechanisms are incomplete gut clearance of worms from coal-and charcoal-containing sediments (mechanism 1), oligochaete worms being capable of extracting PCBs from coal and charcoal particles with gut fluids (mechanism 2), or less strong sorption to the coal-and charcoal-containing sediments than calculated by summing the individual sorption capacities of sediment organic carbon and coal or charcoal, for instance, due to competitive sorption effects with other organic compounds (mechanism 3). The first mechanism should involve selective feeding on coal and charcoal particles containing high PCB concentrations or selective accumulation of these particles in the gut because bioaccumulation of PCBs from reference sediment was in line with expectations. Although Limnodrilus indeed probably has a slight preference for fine, low-density, organic carbon-enriched particles [36] , incomplete gut clearance cannot have substantially contributed to the elevated BSAFs. After all, in that case, PCB profiles in organisms would have more closely resembled the profile for coal and charcoal (elevated concentrations for planar congeners), and the opposite planarity effects from Figure 2 would not have been observed. Also note that gut clearance was performed during 24 h. This period has been proven to be sufficient for several benthic organisms, including oligochaetes [37] , and it is commonly applied to Tubificidae [26, 28, 29] . The second mechanism presuming PCB extraction with gut fluids is plausible for allochthonous compounds such as those used in the present experiment. However, refuting this extraction hypothesis is rather difficult because it preferably calls for an experimental setup using gut fluids isolated from millimeter-sized Limnodrilus sp. The third suggested mechanism of reduced sorption, however, can be checked easily, and its existence or otherwise will indirectly give information on the importance of the second (extraction) mechanism. Therefore, additional sorption experiments were performed to quantify binding strength to the sediments.
In Figure 3 , resulting K d values for a planar PCB (77) and a nonplanar PCB (138) are presented as a function of charcoal and coal content in sediment. Solid diamonds represent experimentally determined values, and open circles represent values calculated using the frequently used and cited two-domain sorption model assuming additive sorption to amorphous organic carbon and sootlike material [38] : before [13] . Using the latter values from Jonker and Koelmans [13] is justified because aqueous concentrations in the present experiment were very low (pg-ng/L range) and comparable or almost identical to those from Jonker and Koelmans (within the same order of magnitude but usually within a factor of two). Therefore, expanding Equation 1 with a Freundlich adsorption term, as was recently suggested [39] , is not required in this case. Figure 3 shows a striking difference between calculated (Equation 1) and measured sorption behavior. Measured distribution coefficients are much lower (up to 1.7 log units) than modeled ones, and the two-domain model is being approached by the experimental values only at a coal/charcoal content of approximately 50 to 60% (estimated by curve extrapolation). This picture applies to all PCBs for both coaland charcoal-enriched systems. However, experimental values for non-ortho PCBs more closely follow the curved nature of the model estimates, whereas experimental values for monoand di-ortho congeners increase more gradually with increasing coal and charcoal content (curves for di-ortho PCBs are the least curved; see Fig. 3b and d) . For coal-containing sediment, addition of the first 1.5% of coal does not even cause an increase in experimental values for di-and mono-ortho PCBs (see Fig. 3d ), though modeled ones strongly increase on this addition. Obviously, sorption of PCBs to coal-and charcoal-containing sediment is also subject to planarity effects, which is in line with expectations (see former paragraph). In this case, however, it is manifested by the disability of the two-domain model to describe the experimental values (quantified by, e.g., the area between modeled and measured curves, which is smaller for coplanar congeners) next to the absolute height of the measured K d values (which is larger for coplanar congeners; data not shown). Again, planarity effects for sediment with charcoal are larger and more extreme than those for coal-containing sediment. These results support the hypothesis of competitive sorption (the previously mentioned mechanism 3). Because the sediment we used was relatively unpolluted (e.g., ⌺ 13 PAHs Ͻ500 g/kg; ⌺ 11 PCBs Ͻ10 g/kg), most probably DOC molecules will have been the most important competitor for PCBs. Dissolved organic carbon molecules may have saturated the surfaces of coal and charcoal particles or may have blocked the sorbents' pores [30, 40] , making it impossible for all PCBs to reach high-energy sorption sites, consequently lowering overall K d values. This effect, which has also frequently been observed for sorption of hydrophobic organic contaminants in activated carbon/DOC systems (summarized in Karanfil et al. [30] and Ebie et al. [40] ), decreases with increasing coal and charcoal content of the sediments because the ratio of competitor molecules to coal and charcoal sorption sites decreases (same amount of sediment/DOC in all systems). The fact that planarity effects for charcoal-containing sediment are larger than for coal-containing sediment (whereas for pure coal much larger planarity effects are observed and for pure charcoal effects are absent [13] ) most likely also has to do with this competitive sorption with DOC. Reduced sorption of PCBs by competitive effects of DOC molecules can explain most of the difference between experimentally measured and modeled BSAF values. Averaged ratios of measured BSAF values assuming equal lipid contents for worms from all systems (8.89%, the averaged value for worms from pure sediment) to BSAF values calculated using experimentally determined K d s are very close to 1.0 and measure 1.22, 0.97, and 1.28 for reference sediment, sediment with coal, and sediment with charcoal, respectively. Considering the uncertainty in lipid content and BCF values used for the calculated BSAFs, we conclude that if extraction of PCBs from coal and charcoal particles with gut fluids did occur, it will have contributed only marginally to the observed enhanced bioaccumulation. Finally, sorption of organic carbon molecules with nutritive value to sootlike materials would also explain the reduced lipid contents of worms inhabiting coal-and charcoal-containing sediments (see first paragraph of the Results and Discussion section), assuming that the adsorbed molecules cannot completely be extracted by the organisms.
The results of the sorption experiments demonstrate that sorption of allochthonous hydrophobic organic chemicals to and bioaccumulation of these chemicals from the present sediments containing sootlike materials cannot be predicted by using Equation 1. Application of this two-domain model results in a severe overestimation of sorption. On the other hand, the well-established and widely applied one-domain model (assuming absorption into natural organic carbon only, quantified by a constant K OC ) leads to a significant underestimation of sorption for coplanar PCBs (see open squares in lowest lines in Fig. 3 ). For ortho-substituted PCBs, however, the latter model predicts sorption reasonably well, at least for environmentally relevant low coal and charcoal contents (Ͻ3%). Therefore, in addition to the type and amount of organic carbon and sootlike material, sorption and thus bioaccumulation of PCBs are a function of congener planarity, the amount and type of soluble natural organic carbon, and the concentration of other organic compounds. As a consequence, more refined models are required to accurately describe these processes.
